The efficiency of resonant absorption of Alfvén waves as a solar coronal loop heating mechanism is studied in the framework of linearized, compressible, resistive magnetohydrodyamics. The loops are approximated by straight cylindrical, axisymmetric plasma columns with equilibrium quantities varying only in the radial direction. The waves that are incident on the coronal loops-and excite them in this way-are modeled by a periodic external source and the stationary state of this driven system is numerically simulated by means of a very accurate code based on the finite element technique. The efficiency of the heating mechanism and the energy deposition profile in this stationary state strongly depend on the characteristics of both the external driver and the equilibrium. The numerical survey of the relevant parameter space, carried out in this paper, shows that resonant absorption is very efficient for typical coronal loops as a considerable part of the energy supplied by the external source is actually dissipated ohmically and converted into heat. Moreover, the heating rate is proportional to the square of the magnitude of the background magnetic field which is observed to be rather strong in the solar corona. Therefore, resonant absorption appears to be a viable candidate heating mechanism for solar loops.
I. INTRODUCTION
The heating of the solar corona is still a major problem in solar physics although the search for the nonradiative heating mechanism(s) active in the solar corona has been going on for several decades. The significance of these investigations has still grown in the last decade as X-ray observations have shown that many classes of stars have a hot, solar-like, corona (see, e.g., Rosner, Golub, and Vaiana 1985; Linsky 1985; Jordan and Linsky 1987) . The solar corona is very inhomogeneous and consists of myriads of hot and dense loops that are outlined by the magnetic field. These loops show up as bright structures in soft X-ray and UV-ray observations. In the present paper we focus on the heating of these coronal loop structures and, more precisely, on the heating of solar loops by resonant absorption.
From a mathematical point of view, the principle of plasma heating by the resonant absorption of MHD waves is based on the existence of a continuous part in the ideal MHD spectrum of oscillation frequencies of an inhomogeneous plasma. The modes corresponding to the continuum frequencies possess spatial singularities that are non-square-integrable. Physically, therefore, as time progresses, the energy would accumulate unbounded in an ever-diminishing plasma layer around the singular point, when the plasma is driven periodically by an external source with a frequency within the range of the continuous spectrum. However, dissipative effects prevent this unbounded growth and force the system to attain a stationary state after a finite time. In this stationary state all physical 1 Present address: Max-Planck-Institut für Plasmaphysik, Boltzmannstra/?e 2, D-8046 Garching bei München.
2 Present address: JET Joint Undertaking, Theory Division, Abingdon, Oxfordshire 0X14 3EA, England, UK. 279 quantities oscillate in time with a constant amplitude and with the frequency of the external driver and the energy dissipation rate in the plasma exactly balances the power input from the external source.
In controlled thermonuclear fusion research resonant absorption of Alfvén waves is studied as a mechanism to provide supplementary heating to laboratory plasmas in order to bring them into the ignition regime. Resonant absorption of MHD surface waves was first proposed by lonson (1978) as a means of heating solar coronal loops. Since then this heating mechanism has been studied by many authors in this context (see the introduction of Hollweg and Yang 1988 for a summary review). In the present paper, the heating of solar coronal loops by resonant absorption of MHD waves is studied in the framework of linearized, resistive MHD. The stationary state of a cylindrical coronal loop model, excited by a periodic external source, is determined numerically by means of a very accurate code based on the finite element method. With this result the energy deposition profile is calculated, and it is computed how efficiently the heating mechanism operates in the stationary state of the driven system; i.e., what fraction of the power supplied by the external source is actually dissipated and converted into heat.
In principle, heating of a plasma by resonant absorption of MHD waves occurs whenever the plasma is excited at a frequency within the range of the ideal continuous spectrum. In practice, however, this heating mechanism is efficient only when the plasma is driven at frequencies within the range of the ideal Alfvén continuum. In addition, the efficiency of resonant absorption of Alfvén waves strongly depends on the frequency and the mode numbers of the external driver and on the characteristics of the plasma. In a diffuse cylindrical, axisymmetric plasma with equilibrium quantities varying only in the radial direction, the Alfvén continuum is determined by the variation of the local Alfvén frequency in the radial (r-) direction, given by the dispersion relation oe a (r) = k(r)v A (r), with k(r) the wavenumber along the magnetic field and v A (r) the local Alfvén velocity. For a given driving frequency, cu 0 , within the range of the Alfvén continuum, the resonance occurs on the layer r = r s for which oe 0 = co a (r s ). The resonant layer can be situated everywhere in the plasma depending on the profile of oe a (r). Therefore, just like the heating rate, the localization of the plasma heating depends on the characteristics of both the external driving source and the coronal loop. Grossmann and Smith (1988, hereafter GS88) and Poedts, Goossens, and Kerner (1989a) have shown that resonant absorption of Alfvén waves may be very efficient in heating magnetic loops under typical conditions in the solar corona. GS88 used ideal MHD theory to compute the fractional absorption spectrum of m = 1 perturbations on straight cylindrical loops with force-free magnetic fields. Ideal MHD theory yields correct energy absorption rates (because these rates are independent of the dissipation) but cannot give any information on the structure of the resonant layer which is another important aspect of the heating process in view of extracting information about dissipation in coronal plasmas from possible observations of nonthermal wave motions. If one wants to relate wave amplitudes inside and outside the resonant layer, dissipation needs to be included in the theory. Poedts, Goossens, and Kerner (1989a) studied resonant absorption of Alfvén waves in the context of linear-resistive MHD. As GS88 they computed fractional absorption spectra and confirmed GS88's finding that resonant absorption is an efficient heating process in solar loops. Moreover, the inclusion of a dissipation mechanism allowed these authors to determine the variation of the velocity and magnetic field amplitudes across the resonant layer as well as the dependence of the width of this layer on the electrical resistivity of the plasma. The present paper takes the numerical exploration of resonant absorption of Alfvén waves further by carrying out a numerical survey of the relevant parameter space to investigate how the efficiency of the resonant absorption of Alfvén waves and the corresponding heat deposition profile depend on the coronal loop equilibrium parameters and the wavenumbers of the incident waves. The equilibrium parameters are different for different loops in the solar corona and, in addition, even for a particular loop these parameters vary in the lifetime of the loop. The parameter range considered in this paper covers the typical parameter domain observed in the solar corona. We concentrate on the resonant absorption of Alfvén waves. In principle, slow magnetoacoustic waves can also be resonantly absorbed since these waves also have a continuous spectrum in an ideal inhomogeneous plasma. In practice, however, it turns out that the heating mechanism is much less efficient for these waves as, all over the parameter range considered in this paper, the fractional absorption never exceeds 1% in the slow continuum.
The cylindrical coronal loop approximation and the linearized resistive MHD equations are presented in the next section. The numerical methods that are applied to solve these equations and the accuracy of the obtained results are discussed in § III. Section IV contains the results of a numerical survey of the relevant parameter space. A discussion of these results and the conclusions of these investigations are presented in § V.
II. PHYSICAL MODEL
In this section we present the physical model that is used to study the phenomenon of resonant absorption of MHD waves.
First we describe and motivate the configuration we consider to model a solar coronal loop that is excited by waves that impinge on it. Next, the equations of linear, resistive MHD are presented and briefly discussed.
a) Configuration
The calculations presented in this paper are obtained with a computer code that was developed earlier to study resonant absorption of Alfvén waves in laboratorium devices in the context of controlled thermonuclear fusion research (see Poedts, Kerner, and Goossens 1989h) . The configuration considered in this code consists of a cylindrical, axisymmetric plasma with radius r p , surrounded by a vacuum and by a perfectly conducting wall at radius r w . The plasma column is assumed to be excited by a radiating external "antenna" (an external coil) situated in the vacuum region, with radius r a (r p <r a < rj. The boundary conditions are applied at the plasma-vacuum interface and relate the fields at the interface to those of the external antenna such that the current in the antenna coil scales the whole solution. The cylindrical geometry closely approximates that of the loops observed in the solar corona which have a large aspect ratio, i.e., e = L/nr p > 1, with L the length of the loop. For the calculations presented in this paper we took e = 20, a typical value for coronal loops. Solar coronal loops are, of course, not surrounded by a vacuum region and a perfectly conducting wall. They are not excited by a current in an external coil either. Therefore, for the coronal loop case, we have removed the vacuum region, the wall and the external antenna from the problem. In order to do so, we have placed the driver at the plasma surface (r a -► r p ), and we have taken the wall away from the plasma column (r w -► oo). In addition, the problem has been reformulated in terms of a boundary condition in which the wave velocity field perturbation is of unit amplitude at the plasma surface, i.e., ||v(r p )|| = 1. In this setup the periodic external driver simulates a wave with particular wavenumbers and frequency (and with unit amplitude) that is incident on the loop. The method of working just described has the advantage to yield the source impedance which is a very useful quantity in a system that is excited by an external source. The impedance is proportional to the power emitted by the external source and provides information about the fractions of the total energy that are absorbed and circulating in the system. The removal of the external antenna reduces the problem to the calculation of what Grossmann and Smith (GS88) call the "intrinsic absorption." For the determination of the " intrinsic " energy dissipation rate it is assumed that the power spectrum of the external driving source is uniform, i.e., all the waves that are incident on the coronal loops are assumed to have the same (unit) amplitude at the loop surface. Following GS88, the efficiency of the resonant absorption process is then expressed in terms of the fractional absorption; i.e., the fraction of the power supplied to the system by the external source that is actually dissipated and converted into heat. The computation of the actual heating of a solar coronal loop requires the knowledge of the power spectrum of the external source and consists of taking the convolution of the "intrinsic" energy dissipation spectrum of the coronal loop with the power spectrum of the external source (see GS88). Since the power spectrum of the waves that are incident on the coronal loops is not known, the computations presented in this paper only involve the efficiency of the heating of coronal loops by resonant absorption and the corresponding heat deposition profiles.
CORONAL LOOP HEATING BY RESONANT ABSORPTION 281 No. 1, 1990 b) Resistive MHD Equations The heating of solar coronal loops by the resonant absorption of Alfvén waves is studied within the framework of linear, resistive MHD. The resistive MHD equations are linearized around an ideal static equilibrium. In solar coronal loops the physical quantities vary primarily in the radial direction. We consider a cylindrically symmetric plasma column with equilibrium quantities varying only in the radial direction. In the usual cylindrical coordinates (r, 0, z) the equilibrium quantities depend only on r and the equilibrium force balance reads dP n dB z B e d / -T+ B :-r+-T ( rB°) = 0 ' dr dr r dr (i) with P and B, respectively, the equilibrium plasma pressure and magnetic field (magnetic induction). Two of the three profiles P(r), B e (r), and B z (r) may be chosen arbitrarily ; the remaining profile is determined by equation (1). At the plasma-vacuum interface the total pressure (plasma pressure plus magnetic pressure) has to be continuous. The second boundary condition, namely, the continuity of the normal component of the magnetic field at the plasma-vacuum interface, is automatically satisfied since B r = 0. The equilibrium mass density p(r) does not appear in the equilibrium equation and can be chosen arbitrarily. The resistive MHD equations that govern the linear displacements about this ideal static equilibrium are
ot with v, p, and b the Eulerian variation of, respectively, the velocity, the plasma pressure, and the magnetic field; rj is the electric resistivity and y the adiabatic index. In this paper rj is assumed to be constant over the plasma column. Equations (2)-(4) are expressed in dimensionless units. The distance is normalized to the plasma radius r p and the time to the Alfvén transit time t A = r p /V Ai where V A is the Alfvén speed given by the longitudinal magnetic field and the density on the axis {V A = B z (0)/[pp(0)y /2 }. Equation (2) is the momentum equation for a nonviscous plasma. Equation (4) is the induction equation which includes the ohmic term (due to the finite electric conductivity of the plasma). Equation (3) is the ideal MHD version of the equation for the variation of the internal energy. Notice that there is no restriction to incompressible plasmas. Equations (2)-(4) form a system of 7 linear partial differential equations which is to be completed with appropriate boundary conditions. III. NUMERICAL PROCEDURE This section gives a brief description of the applied numerical techniques and discusses the accuracy of the numerical results. For a more detailed description of the numerics we refer the reader to Poedts, Goossens, and Kerner (1989a) . a) Numerical Methods Since the equilibrium quantities do not depend on 9 and z in the considered equilibrium model for coronal loops, the perturbed quantities can be Fourier-analyzed in these coordinates, and each Fourier term can be studied separately. The following separation ansatz is made for the perturbed quantities/: /(r, 0, z; i) =/(r; t)e iime+nkz) .
The number k = n/L defines a quantization factor to allow an integral number of half-wavelengths on the column (the ends of the loop are tied in the dense photosphere) with L the length of the loop in the z-direction (L = 7ce, with e the aspect ratio of the loop). The longitudinal mode number is denoted by n, and m is the mode number in the 0-direction. When the dissipative system is excited by an external periodic source, it reaches a stationary state in which all physical quantities vary periodically in time with the frequency of the external driver. This stationary state and the energy dissipation rate in it can be computed by substituting the temporal dependence /(r; t) =f(r)e i(0pt (6) in equations (2)- (4), where co p is the frequency of the external source. With the substitutions (5) and (6) the system (2)- (4) reduces to a set of ordinary differential equations of order 6 in the radial coordinate r. In terms of the state vector w, defined as «' = (v! = rv" v 2 = iv e , v 3 = irv z , p' = rp, fcj = irb" b 3 = rb 2 ), this system can be written in the form ico p ¿fu -Mu .
where the 0 component of the perturbed magnetic field has been eliminated with the divergence equation V • A = 0 (provided m # 0) and M and 9* are matrix operators with rdependence only, where ^ is a diagonal matrix. The solutions of the system (7) have to satisfy appropriate boundary conditions : the solutions have to be regular in r = 0 and the perturbed total pressure and all three components of the perturbed magnetic field have to be continuous at the (perturbed) plasma-vacuum interface. The numerical difficulties in solving the system of equations (7) originate from the appearance of the small parameter r\ in the coefficients of the terms with the highest order derivatives (which induces a boundary layer at the plasma surface) and the nearly singular behavior of the solutions near the surface r = r s where (o p = co fl (r s ) (rç 1 in the solar corona and for f/ = 0 (ideal MHD) the equations are singular in r = r s ). The system (7) is solved with a combination of the Galerkin method with a finite element discretization. The finite element technique is extremely suitable for this problem because of the strong spatial localization of the solutions at the near-singularity and in the boundary layer. The components of u are approximated by a finite linear combination of local expansion functions h k j(r):
j=i where two orthogonal shape functions are introduced per interval, raising the order of the unknowns a k to 12iV, with N the number of gridpoints. Very accurate results are obtained with an appropriate choice of higher order elements, namely, cubic Hermite elements for the radial velocity and magnetic field components v t and and quadratic finite elements for r 2 , v 3 , p\ and b 3 (Kerner et al 1985) . The system of differential equations (7) is solved in its weak form. The vector u(r) is a weak solution if for any function v(r) of the admissible Sobolev POEDTS, GOOSSENS AND KERNER Vol. 360 space satisfying the boundary conditions the scalar product satisfies (0tu, v) = (ioe p^u9 v). In the Galerkin method, which is applied here, the basis functions h*(r) are used in the weak form. In an externally driven system this leads to a set of linear equations of the following form:
with a the vector of the \2N expansion coefficients and / the driving term resulting from the external source. The matrix 3$ is symmetric and positive-definite but sé is non-Hermitian. Equation (9) represents a system of 12N linear algebraic equations for the components of a.
b) Accuracy When the system (7) is solved the energy dissipation rate is calculated in order to determine the efficiency of the heating process. Moreover, the complete picture of energy conservation in the system provides us with an excellent test for the numerical accuracy of the code and for the validity of the physical assumptions made. The linearized resistive MHD equations yield the following energy equation (10) where e and /are the Eulerian perturbations of respectively the electric field and the electric current density. The three integrals on the right-hand side of equation (10) are the change of, respectively, the kinetic energy of the plasma (K), the potential energy of the plasma (Wy, and the heating by ohmic dissipation (OD). The asterisk denotes the complex conjugate, and V p is the volume of the plasma. According to equation (10), an inflow of electromagnetic energy produces a rise of the kinetic energy of the plasma (K), a change of the potential energy of the plasma (W p ) and heat by ohmic dissipation (OD). The lefthand side term of equation (10) is related to P ant , the power emitted by the antenna (see Poedts, Kerner, and Goossens 1989h )
where V v is the volume of the vacuum region and / ant is the electric current density in the antenna. In the stationary state, all physical quantities oscillate with the frequency of the driver and the resistive energy balance reads
This means that the fraction of the energy supplied by the external source that couples to the plasma exactly balances the rate at which energy is converted into heat by ohmic dissipation. The resistive energy equation (10) and the resistive energy balance (11) provide excellent tests for the numerical accuracy of the code and for the validity of the physical approximations made (ideal static equilibrium, adiabatic law). The numerical accuracy and the physical approximations are good when the equations (10) and (11) are satisfied within reasonable bounds. The numerical accuracy is determined by the distribution of the meshpoints and can be raised to any level by enlarging the number of gridpoints and/or mesh accumulation in the nearly singular layer and at the plasma boundary. The relative error in the energy balance, made by the physical assumptions, is typically 0.001% for 2501 gridpoints (2500 intervals) with mesh accumulation. These assumptions yield, therefore, a very good approximation.
IV. RESULTS
This section examines how the efficiency of the resonant absorption process and the localization of the intrinsic heating are affected by the characteristics of the external driving source and the coronal loop equilibrium. We consider a class of equilibria given by the profiles
in dimensionless units (see § llh). We can compute B e (r) from the equilibrium current density given by equation (12b). The plasma pressure P then follows from the substitution of B z and B d in the equilibrium force balance (1). We consider equilibria with vanishing plasma pressure at the surface [P(l) = 0], such that there are no surface currents in the equilibrium model. This is the most realistic choice for the equilibrium. The constants d,7 0 , and v are free parameters; d denotes the density at the plasma boundary, d = p(l), and j 0 is the current density at the axis [j 0 = J z (0)], with j 0 = 2k/q 0 (where k is the inverse aspect ratio of the loop and q 0 the safety factor on the axis, q(r) = rkBJB d ). The parameter v determines the profile of the electric current density and hence the shear of the equilibrium magnetic field since g(l)/g(0) = v + 1. Notice that this class of equilibria is not force free. The plasma beta, ß == 2P/B 2 9 is a function of r and is of the order of 1 % for the parameter range considered in this paper.
The efficiency of the resonant absorption process is expressed in terms of the fractional absorption, f a9 which is defined as ohmic dissipation rate _ OD a total power input l|E ant || Clearly, 0 <f a < 1, and the closer f a approximates 1 the better the coupling between the driver and the plasma is, i.e., the larger the fraction of the supplied energy that is actually converted into heat by ohmic dissipation. Grossmann and Smith (GS88) were the first to express the efficiency of the resonant absorption process in terms off a in the context of solar coronal loop heating. These authors did not include dissipation explicitly. However, due to the singular nature of the ideal MHD equations, the energy absorption rate can be computed in ideal MHD. But the energy deposition profile cannot be studied in dissipationless MHD because of the lack of information on the structure of the resonant layer. In resistive MHD the localization of the energy deposition is given by the ohmic dissipation profile, rjj 2 (r). Before proceeding with the discussion of our numerical results let us first consider the validity of linear MHD. In ideal MHD, the continuum solutions contain non-squareintegrable spatial singularities. The inclusion of the resistive term in the induction equation removes the singularity from the equations but as the resistivity is very small in the solar corona (10 -8 > */ > 10" 12 ) the assumption of linearity needs to be checked, especially in the narrow resonant layer where CORONAL LOOP HEATING BY RESONANT ABSORPTION 283 No. 1, 1990 the solutions have a nearly singular behavior. For a coronal loop with a number density of 10 15 m -3 at the axis and r¡ = 10 ~ 8 that is externally driven with a velocity amplitude of 10 km s _ 1 at the loop boundary, the maximal amplitude of the perturbed magnetic field is 5%-10% of the background field. So we can conclude that linear resistive MHD is an adequate mathematical model for describing resonant absorption in plasmas with r¡ > 10" 8 . In the solar corona, however, rj is of the order 10" 12 and the ratio b(r = r s )/B z (0) is much larger and so linear theory breaks down in the resonant layer. On the other hand, resistivity is not the only dissipation mechanism available and in the solar corona viscosity is probably more important (Hollweg 1985) . In addition, the viscosity and the resistivity of solar coronal plasmas might be enhanced by means of nonlinear or turbulent effects (Heyvaerts and Priest 1983; Hollweg 1987) . Several authors (see, e.g., Heyvaerts and Priest 1983; lonson 1982) have shown that the energy dissipation rate in the stationary state is independent of the actual dissipation mechanism involved. Hence, for the determination of the absorption rate in the steady state it suffices to consider resistivity as the only dissipation mechanism. Moreover, Poedts et al. (1989a, b) have shown that the energy absorption rate in the stationary state becomes independent of the plasma resistivity for rj ->0 and that the asymptotic value is closely approximated fort] = 10~8. The results presented in this paper are obtained with rj > 10 _8 , for which the linear theory is valid.
a) Localization of the Plasma Heating
When the plasma is excited periodically by a wave with frequency co p that impinges on it, rj^r) has a pronounced maximum in r = r s where (o p = (oJr s ) indicating that the ohmic heating is restricted to a narrow plasma layer around r = r s (Poedts, Goossens, and Kerner 1989a) . Clearly, the position of this plasma layer in the plasma depends on the frequency (co p ) and the wavenumbers (m and h) of the wave that is incident on the coronal loop and on the variation of the physical quantities in the loop, as oe a (r) is given by co a (r) = [m/rB d (r) + nkB z (ry]/[p(ry\ 112 . We want to emphasize that heating by resonant absorption of Alfvén waves is not restricted to just one frequency corresponding to a surface wave type perturbation, but that all frequencies in the range oe a min -co a max can act as driving frequencies for resonant absorption. Each of these driving frequencies heats a different plasma layer. Not only the position of the resonant layer but also its width, A res , depends on the physical quantities in the coronal loop. Poedts, Goossens, and Kerner (1989a) already showed that the width of the resonant layer scales as r¡ 1/3 . It can be expected that A res also depends on the variation of co a in r = r s , i.e., on co' a (r s X where the prime denotes the derivation with respect to r. For a range of magnetic surfaces around the resonant surface the local Alfvén frequency is in near-resonance with the external periodic source, i.e., co p » co a (r) for r e[r s -Ô, r s + <5]. Clearly, this range of nearly resonant surfaces is larger (i.e., ô is larger) for a smooth variation of co a in r = r s (I ^f a (r s )/(o a (r s )\ < 1) than it is for a rapid variation of oe a (| (o' a (r s )/oe a (r s )\ > 1). Hence A res will be larger when | 1 than for | o)' a (r s )/oe a (r s )\ > 1. The parametric study we performed indeed confirms such a relation between A res and (o' a (r s ). Moreover, the dependence of the width of the resonant layer on the equilibrium quantities can be expressed in terms of oe f a (r s ) exclusively. It is found that Ares ~ 10)a(r s )r 1/3 as is illustrated in Figure 1 for a variation of the parameter d. For the choice of the parameters considered (107) of Hollweg and Yang (1988) and equation (81) of Kappraff and Tataronis (1977) . Of course, this idealized case never occurs in nature. The loops in the solar corona are excited by many different waves with different frequencies, wavenumbers, and amplitudes. But as the power spectrum of these waves is not known we follow GS88 and compute the "intrinsic" dissipation and assume that the power spectrum of the waves that impinge on the coronal loops is uniform. Each of these exciting frequencies yields an r[j 2 (r) profile which is peaked around the resonant layer that corresponds to that frequency. In linear theory the energy deposition profile in a loop that is excited at more than one frequency can be obtained by adding up the r[j 2 (r) profiles for each of the driving frequencies. The localization of the intrinsic dissipation for a given equilibrium and for given mode numbers m and n is studied by adding up the contributions rjj 2 (r) for 50 driving frequencies in the range of the ideal continuum (equidistant) and normalizing this sum such that its integral over the plasma volume equals one. Hence W 2 (r) = £ t\j 2 {(0 p , r)/ í X ^(iOp, r)dV . (Op I jVp (Op GS88 assume A res 1 and assign the entire energy absorption to the radius of the resonance layer where o) p = oe a (r s ) which yields the only possible approximation of the energy deposition profile in ideal MHD. For typical coronal parameter values the energy is often deposited in the outer regions of the plasma column. Our numerical survey reveals that rjj 2 (r) is only slightly affected by the parameters d (the plasma density at the the loop surface) and j 0 (the electric current density on the axis), at least as long as these parameters are varied within realistic bounds. The parameter v which is related to the shear of the equilibrium magnetic field (see above), on the contrary, can have substantial influence on the localization of the intrinsic dissipation. This is illustrated in Figure 2a 
b) Efficiency
Poedts, Goossens, and Kerner (1989a) have shown numerically that the efficiency of the resonant absorption process, expressed in terms of the fractional absorption (f a ) or in terms of the intrinsic energy dissipation rate, does not depend on rj, the resistivity of the plasma, for the relevant (extremely small) values of this parameter. On the other hand, not every driving frequency yields equally good coupling of the external source to the plasma. This dependency off a on the driving frequency was already noticed in our previous paper on this subject (Poedts et al. 1989a) . Extremely high efficiency is obtained when the driving frequency is close to the real part of the frequency of a so-called "collective mode" or "damped quasimode." This is a global perturbation of the plasma but, strictly speaking, not a "mode" since it corresponds to a complex frequency, even in ideal MHD. This " collective mode " is the remnant of a discrete mode (in this case the stabilized external kink mode) that disappeared in the continuous spectrum (see Van Bester, Goossens, and Poedts 1990; Goedbloed 1984) . For a bandwidth around the optimal driving frequency f a ä max {fa( oe P )}> an d in the following the range of driving frequencies for which the f a > 0.95 max {f a ((o p )} is called the "efficient" bandwidth. It was also noticed that the position of the global mode in the continuous spectrum and the range of the "efficient" bandwidth depend on the variation of the equilibrium quantities and on the modenumbers of the exciting waves. In the present paper these dependencies are studied in greater detail.
The efficiency of resonant absorption depends strongly on the wavenumbers of the waves that are incident on the coronal loops. This is an important fact if one attempts to compute the actual heating of a coronal loop by the two-step method suggested by GS88 : first, the intrinsic power absorption spectrum of the loop is to be computed; next, when the actual driving spectrum of the loop is known (from observations or from theoretical models), the convolution of this driving spectrum with the intrinsic absorption spectrum has to be made. From laboratory experiments it is known that the m = 1 modes yields the best coupling of the driver to the plasma and so the most efficient heating. Therefore, Grossmann and Smith (1988) only considered m = 1 modes for the determination of the intrinsic power absorption spectrum. We investigated the influence of the wavenumbers m and n on the efficiency of the resonant absorption process. Figure 3 shows the fractional absorption versus the driving frequency for n = 1 and m = 1-5, where the other parameters are fixed (see the figure caption). First remark that the range of the ideal Alfvén continuum is different for different values of m which means that the range of frequencies that can be resonantly excited depends on m as is clear from the definition of oe a (r) (see above). By consequence, many different driving frequencies contribute to the heating of the same plasma layers as the corresponding resonant layers range from r = 0 to r = 1 for each value of m. The frequencies in Figure 3 are dimensionless and related to physical frequencies a by the transformation formula where we assumed a mean atomic weight of 0.6 (for fully ionized H plasma p, = 0.5); in the solar atmosphere the presence of extra elements makes p « 0.6 (Priest 1984). Hence, for a loop with radius 5 x 10 6 m, a magnetic field of 0.005 T (50 G) on the axis and a number density on the axis of 10 16 m -3 , for example, the ideal Alfvén continuum reaches from 0 to 0.03340 Hz for m = -5, from 0.00896 to 0.04009 Hz for m = -3, from 0.01793 to 0.04677 Hz for m = -1, from 0.02689 to 0.05345 Hz for m = 1, from 0.03585 to 0.06013 Hz for m = 3, and from 0.04482 to 0.06681 Hz for m = 5 (for the parameters used in Fig. 3 ). So the range of frequencies at which this coronal loop can be resonantly excited agrees very well with the observed motions in the solar atmosphere which have periods of typically 100 s. The m = 1 mode indeed yields the strongest coupling and so the most efficient heating. For this mode /, = 1 for the optimal driving frequency and f a > 90% for a large band- width, The m = -1 mode couples almost as efficient to the plasma as the m = 1 mode and this feature can be generalized : max {f a (co p )} and the range of the efficient bandwidth are almost independent of the sign of the poloidal wavenumber. The fractional absorption gradually decreases as | m | increases and for I m I = 5, max {f a (co p )} amounts to 28%. For m = 3 the fractional absorption is 48% for the optimal driving frequency. So the m # 1 modes also yield rather good coupling and efficient heating of the plasma. Therefore, it is insufficient to consider only m = 1 modes in determining the intrinsic absorption spectrum, as Grossmann and Smith did, because this would give a very deformed picture of the heating of the loop by resonant absorption. When the wavenumber m is fixed and n is varied, it is found that the maximal value off a (for the optimal driving frequency) does not depend on the value of n when m is positive. This is illustrated if Figure 4a for m = 1 and n = 1, 2, 3, 5, and 10. Notice that as n gradually increases the range of the ideal Alfvén continuum is shifted to higher frequencies and broadened. For negative values of m, however, the optimal efficiency is higher for the higher values of n, as illustrated in Figure 4h for m = -1. Here the n = 1 mode yields clearly the less efficient heating as the range of the Alfvén continuum is small, the fractional absorption is only 36% for the optimal frequency, and the "efficient" bandwidth is rather narrow. For n = 10 the bandwidth of the resonant excitable Alfvén frequencies is more than 8 times larger, f a = 1 for the optimal driving frequency, and the "efficient" bandwidth is a lot Figures 4a and 4b have a second peak in addition to the previously mentioned peak in the real part of the frequency of the " collective mode " related to the stabilized external kink mode. This second peak in the absorption profile is due to another " collective mode," now related to the first fast magnetoacoustic mode (with one radial node). This is evidenced by the spatial solutions corresponding to these two driving frequencies in the stationary state. The amplitudes of the radial components of the velocity field and of the magnetic field have no radial node for the first optimal driving frequency (external kink) and one node for the second optimal frequency (first fast magnetosonic mode). In principle, the number of " collective modes " that can appear is unlimited. When the density would vanish at the loop boundary (d-►()), the Alfvén continuum would reach to infinity [(a> fl (l) -+ oo] and the discrete fast magnetosonic spectrum would be swallowed by the Alfvén continuum. Consequently, discrete fast modes would not exist any longer as each of these modes would be transformed to a "collective mode" or a "damped quasi-mode" (see Goedbloed 1984) . The second peak in the f a (co p ) profile is as pronounced as the first one but not as broad. Its position is also ^-dependent, in contrast to the position of the first peak.
For a fixed value of the wavenumbers m and n the heating rate due to resonant absorption depends on the driving frequency and the equilibrium quantities. Grossmann and Smith (1988) did not include dissipation explicitly in their calculations but instead calculated the ideal decay rate which should correspond to a heating rate if some suitable (weak) dissipation mechanism is present (their eq. [47]). We have tried to confirm this formula in our resistive MHD calculations but we did not succeed in this intention. Moreover, we could not find an alternative formula to express the ohmic dissipation rate in those equilibrium parameters. It seems there are one or more parameters missing. One such parameter could surely be the proximity of the driving frequency to the frequency of the " collective mode." In any case, we were so far not able to express the ohmic dissipation rate (OD) or the fractional absorption (f a ) in terms of the equilibrium parameters. What we can do, however, is to compute f a (co p ) profiles for different choices of the equilibrium parameters and try to elucidate in this manner the effect of the equilibrium parameters on the efficiency of the heating of coronal loops by resonant absorption of Alfvén waves.
The density variation in the equilibrium state, affects the efficiency of the heating mechanism as is illustrated in Figure 5 , where the fractional absorption is displayed versus the driving frequency for d = 0.10 to 0.30 while the other parameters are fixed.
Resonant absorption is more efficient for stronger density variations in the coronal loop plasma, i.e., for lower values of the parameter d, since both the height and the broadness of the peak around the optimal frequency decrease when d increases.
For d = 0.30 the fractional absorption for the optimal driving frequency is 82%, for d = 0.25 it is 95% while for d < 0.20, max {f a (co p )} = 1. Notice also in Figure 5 that the range of the ideal Alfvén continuum is larger for a stronger variation of the density, which means that the bandwidth of frequencies that are eligible for resonant absorption, is larger. The variation of the equilibrium current density is determined by the parameters v and j 0 [= J z (0)] (see eq. [12b]). A peaking of the current profile (by increasing the value of the parameter v) only slightly affects the efficiency of the heating mechanism and primarily increases the localization of the intrinsic dissipation substantially as was illustrated in Figure 2 . In Figure 6 f a is displayed versus the driving frequency for the same parameter range as Figure 2 . The optimal efficiency does not vary with v but the range of the "efficient" bandwidth does: it is broadest for v = 0.5 but this is, of course, completely due to the co a (r)-profiles resulting from the choice of the equilibrium parameters. For a given current profile (v = est) the efficiency is higher when the current on the axis (j 0 ) increases. versus the driving frequency for j 0 = 0.04 to 0.20 (i.e., q 0 = 2.5-0.5). Both the maximal fractional absorption and the broadness of the " efficient " bandwidth increase as j 0 increases, i.e., as q 0 decreases.
V. DISCUSSION AND CONCLUSIONS
The heating of solar coronal loops by resonant absorption of Alfvén waves has been investigated in the framework of linearized compressible resistive MHD. The resonant absorption of the waves that are incident on the coronal loops is numerically simulated in straight cylindrical, axisymmetric loop models, externally excited by a periodic source. The stationary state of this driven system and the ohmic dissipation rate in this state are determined by means of a very accurate code based on the finite element technique which is extremely suitable for this purpose because of the strong localization (due to the nearly singular and boundary layer behavior) of the solutions. The power spectrum of the external source that excites the magnetic loops in the solar corona is not specified in the numerical simulations (it is assumed to be uniform). We have followed GS88 and computed the "intrinsic" dissipation. The actual heating of a coronal loop can only be determined when the driving spectrum of the loop is known. However, the power spectrum of the waves that are incident on the coronal loops is not known, and so the present paper concentrates on the efficiency of the heating mechanism in a given coronal loop. The coronal loop models considered here are more realistic than the simple models studied by GS88 and the " intrinsic heating " is determined in a consistent (dissipative) MHD model with an adapted numerical technique. A numerical survey of the relevant parameter space has been carried out to investigate how the efficiency of the resonant absorption of Alfvén waves and the corresponding heat deposition profile depend on the coronal loop equilibrium parameters and the wavenumbers of the incident waves.
When a coronal loop is excited at one single driving frequency, the heating is restricted to a narrow plasma layer around the ideally singular surface (r = r s ). The width of this layer scales as */ 1/3 Icu^rJ -173 and is usually rather narrow as // <0 in the solar corona. But solar coronal loops are driven by many waves with different frequencies and amplitudes and the energy supplied by each of these waves is dissipated in a different plasma layer so that the whole loop is heated. For a uniform driving spectrum the "intrinsic" heat deposition profile is primarily affected by the parameter v (which defines CORONAL LOOP HEATING BY RESONANT ABSORPTION 287 No. 1, 1990 the equilibrium current density profile) and is typically localized in the outer regions of the loop. We assumed the equilibrium quantities vary only in the radial direction of the loop and we Fourier analyzed the perturbed quantities in the ignorable directions with m the wavenumber in the 0-direction and n the wavenumber in the longitudinal (z-) direction The |m| = 1 modes yield the best coupling and so the most efficient plasma heating, although the other modes with small | m |-values yield very efficient heating too and cannot be ignored in the determination of the intrinsic dissipation spectrum of the coronal loops in the context of the above-mentioned method of GS88. When the wavenumber m is fixed and n is varied, it is found that the maximal value off a (for the optimal driving frequency) does not depend on the value of n whe.n m is positive. For negative values of m, however, the optimal efficiency is higher for the higher values of n. The ohmic heating rate could not be expressed in terms of the equilibrium quantities by an equivalent of the formula given by GS88 or by an alternative expression. The effect of the equilibrium profiles on the efficiency of the heating mechanism is therefore studied by computing the fractional absorption versus the driving frequency and plotting these curves for different parameter values. The equilibrium parameters d, v, and j 0 also affect both max {fJco p )} and the range of the " efficient " bandwidth for which f a > 0.95 max {f a (co p )}. In addition both the equilibrium parameters in the coronal loop model and the wavenumbers of the waves that are incident on it determine the location and the range of the ideal Alfvén continuum. This is already important for results presented in the present paper which concern only "intrinsic" heating (with uniform exciting power spectrum), and it is extremely important for the determination of the actual heating of the coronal loop as it concerns the range of frequencies that can be resonantly excited. The previous remark brings us to the assessment of the importance of the results of the numerical survey of parameter space presented in this paper. Only the "intrinsic" heating of a given coronal loop, excited by waves that are incident on it, was determined because the power spectrum of the external driving source of the loops in the solar corona is not known. However, our results give a very good picture of the efficiency of the resonant absorption process in solar loops and yield information on the viability of this process as a coronal heating mechanism.
Resonant absorption of the Alfvén waves is a very efficient heating mechanism for coronal loops. The fractional absorption in the stationary state is very high for typical coronal values of the equilibrium parameters. Whether resonant absorption contributes considerably to the heating of the solar corona will depend on the magnitude of the background magnetic field. Indeed, by transforming back to quantities with dimensions (see § II) it is found that the energy dissipation rate due to resonant absorption is proportional to B z (0) 2 (for constant v at the loop boundary) and so the magnitude of the background field plays a crucial role in the amount of energy that is converted into heat per unit of time. This result is very promising as the observed magnetic fields are rather strong in the solar corona. Other indications in favor of resonant absorption are the localization of the heat deposition and the fact that the efficiency of the heating mechanism is independent of the length of the coronal loop. The intrinsic dissipation is localized in the outer plasma layers indicating that the absorption process is most efficient in the outer regions of the coronal loops, consistent with the temperature profiles observed in some loops (see, e.g., Foukal 1975) . Parker (1986) remarked that the surface brightness of the active regions is almost independent of the dimensions. The only way where the dimensions of the coronal loop enter the numerics in our work is via the quantization factor k in the Fourier decomposition in the longitudinal direction (eq. [5]). Hence, we can adopt the argument of Hollweg and Yang (1988) : given the fact that longer loops have larger radii and so the aspect ratio (and so k) is approximately the same for all coronal loops, the process of resonant absorption is equally efficient in all coronal loops no matter what their dimensions are. We conclude that resonant absorption is a viable candidate heating mechanism for coronal loops.
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